Background: White matter (WM) injury is common after cardiopulmonary bypass or deep hypothermic circulatory arrest in neonates who have cerebral immaturity secondary to in utero hypoxia. The mechanism remains unknown. We investigated effects of preoperative hypoxia on deep hypothermic circulatory arrest-induced WM injury using a combined experimental paradigm in rodents. Methods: Mice were exposed to hypoxia (prehypoxia). Oxygen-glucose deprivation was performed under three temperatures to simulate brain conditions of deep hypothermic circulatory arrest including ischemia-reperfusion/reoxygenation under hypothermia. results: WM injury in prenormoxia was identified after 35 °C-oxygen-glucose deprivation. In prehypoxia, injury was displayed in all groups. Among oligodendrocyte stages, the preoligodendrocyte was the most susceptible, while the oligodendrocyte progenitor was resistant to insult. When effects of prehypoxia were assessed, injury of mature oligodendrocytes and oligodendrocyte progenitors in prehypoxia significantly increased as compared with prenormoxia, indicating that mature oligodendrocytes and progenitors that had developed under hypoxia had greater vulnerability. Conversely, damage of oligodendrocyte progenitors in prehypoxia were not identified after 15 °C-oxygen-glucose deprivation, suggesting that susceptible oligodendrocytes exposed to hypoxia are protected by deep hypothermia. conclusion: Developmental alterations due to hypoxia result in an increased WM susceptibility to injury. Promoting WM regeneration by oligodendrocyte progenitors after earlier surgery using deep hypothermia is the most promising approach for successful WM development in congenital heart disease patients.
t he hospital mortality of severe/complex congenital heart disease (CHD) has been dramatically reduced in the last two decades (1) . Over this period, however, it has been recognized that neurological deficits frequently occur in CHD patients (2, 3) . In particular, many clinical studies have now demonstrated a high incidence (25-55%) of newly developed white matter (WM) injury after cardiac surgery in neonates/ infants with severe/complex CHD (4) (5) (6) (7) (8) . The major brain insults during surgery include cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest (DHCA) (3, 9) . DHCA is a unique and specific pathological condition for patients undergoing cardiac surgery, which exposes them to ischemiareperfusion/reoxygenation under hypothermia. Importantly, it has been recently identified that postoperative WM injury is significantly associated with preoperative WM injury (7, 8) . An additional association of postoperative WM injury is brain immaturity secondary to CHD-induced abnormal cerebral blood flow and reduced oxygen saturation in utero (7, 8, 10, 11) . Thus, it is possible that management strategies of CPB/DHCA that are optimal for cerebral protection in the normally developing brain are damaging to the brain that has developed in the presence of restricted oxygen supply. Therefore, more complete refinement of cardiac surgery management will be necessary to investigate the cellular effects of CPB/DHCA-induced insults on the developing brain with preoperative WM injury and WM immaturity due to preoperative hypoxia.
Large animal models such as piglets have been widely used for the laboratory investigation of CPB/DHCA (12) (13) (14) (15) (16) . In addition, we recently developed a unique brain slice model in which living brain slices are transferred to a closed circulation system perfused by artificial cerebrospinal fluid (aCSF) to replicate specific brain conditions of CPB/DHCA including ischemia-reperfusion/reoxygenation under hypothermia (17) . This experimental paradigm has demonstrated temperaturedependent WM injury similar to that observed in a large animal DHCA model (17) . Reproducing abnormal fetal cerebral blood flow and oxygen saturation observed in CHD patients is still challenging in large laboratory animals. However, in rodents, there is a well-established model of chronic hypoxia during development that is the equivalent time period to the third trimester in humans (18) . Importantly, the cellular/ molecular mechanisms producing diffuse WM injury and Preoperative hypoxia on white matter injury Articles WM immaturity caused by hypoxia have been identified in this model (19) .
In this study, we performed brain slice experiments after exposing mice to chronic hypoxia to replicate brain conditions in neonates with severe/complex CHD. The combined experimental paradigm in rodents allowed us to investigate the cellular effects of preoperative hypoxia on WM injury associated with CPB/DHCA. We focused on oligodendrocytes, which we previously identified as a likely cellular target for WM protection (17) .
RESULTS

Preoperative Hypoxia Increases Developing WM Vulnerability to Ischemia-Reperfusion/Reoxygenation Injury
To replicate the preoperative-hypoxic state of the fetus with severe/complex CHD, we used a model of chronic sublethal hypoxia, where hypoxic rearing began on postnatal day (P) 3 and continued until P11 in a hypoxic chamber system (prehypoxia, Figure 1a ). The maturation stage from P3 to P11 in the mouse WM is the equivalent time period to the third trimester in humans (Figure 1a ) (20) . A recent magnetic resonance imaging study has identified that during the third trimester, there is a progressive and significant decline in gestational ageadjusted total brain volume in CHD fetuses relative to normal controls (prenormoxia) (11) . To investigate whether preoperative hypoxia results in further caspase-activated cell death of oligodendrocytes, we compared the number of caspase3 + cells in prenormoxia and prehypoxia WM at 20 h after oxygenglucose deprivation (OGD)-induced ischemia-reperfusion/ reoxygenation injury (Figure 1b) .
In prenormoxia group, a significant increase in caspase3 + cells was identified after OGD at 35 °C (P = 0.02), but not at 15 and 25 °C (Figure 2a-d) . However, the number in prehypoxia group was significantly increased in all OGD groups including 15 °C-OGD (Figure 2e-h,i) . The results are consistent with recent clinical findings where postoperative WM injury was associated with preoperative WM injury due to hypoxia in utero (7, 8) . Before the OGD experiment, there was a significant increase in 2′,3′-cyclic nucleotide 3′ phosphodiesterase + (CNP + ) caspase3 + cell number in prehypoxia group as compared with those in prenormoxia group (P < 0.05) (19) . Therefore, for direct comparison between prenormoxia and prehypoxia, we used changes of caspase3 + cell number from control in each group (brain slice experiment without OGD). The changes were significantly different among OGD groups (P < 0.001) and between prenormoxia and prehypoxia (P < 0.001), independently (P < 0.001). The percentage in prehypoxia was significantly higher than in prenormoxia in all OGD groups (Figure 2j) . These findings indicate that preoperative hypoxic conditions increase developing WM vulnerability to ischemia-reperfusion/reoxygenation injury.
The Preoligodendrocyte Is the Most Susceptible Stage Within the Oligodendrocytes Lineage
Our previous study has identified the developing oligodendrocyte lineage as an important cellular target for potential protection of immature WM (17) . Based on these earlier findings, we investigated the response of each developmental stage of the oligodendrocyte lineage against OGD-induced insults in both prenormoxia and prehypoxia groups (Figure 1c) . To identify the most vulnerable oligodendrocyte stage, double immunostaining was performed using different stage-specific antibodies (Figure 3a,b) . CNP + CC1 − oligodendrocytes displayed significantly greater susceptibility in prenormoxia and prehypoxia groups compared with other oligodendrocyte developmental stages (Figure 3c ). Since the damage of CNP + PDGFRa + oligodendrocyte progenitor cells (OPCs) contributed only to ~35% of the total cellular damage in CNP + CC1 − oligodendrocytes (Figure 3c) , the results suggest that the preoligodendrocyte is the most susceptible to ischemia-reperfusion/reoxygenation injury among the oligodendrocyte developmental stages. When we compared percent change of CNP + CC1 − caspase3 + after OGD insults, however, there were no significant differences in the change between prenormoxia and prehypoxia in all OGD groups (Figure 3d-l) . This indicates that prehypoxia did not change cellular responses of the preoligodendrocyte, which is the most susceptible stage within oligodendrocyte lineage to ischemia-reperfusion/reoxygenation injury. 
Preoperative Hypoxia Increases the Vulnerability of Oligodendrocyte Progenitors and Mature Oligodendrocytes to Ischemia-Reperfusion/Reoxygenation Injury
We next assessed the response of CNP + CC1 + mature oligodendrocytes to OGD-induced insults. There were no significant differences in CNP + CC1 + caspase3 + apoptotic mature oligodendrocytes number after three OGD conditions in prenormoxia (F = 0.9; P = 0.47). However, CNP + CC1 + caspase3 + cell number after 25 °C-and 35 °C-OGD following prehypoxia significantly increased as compared with control (Figure 4a-d,i) .
In contrast to the response in preoligodendrocytes, percentage changes in caspase3 + mature oligodendrocytes number after 25 °C-and 35 °C-OGD following prehypoxia significantly increased compared with prenormoxia (Figure 4j) . These results indicate that oligodendrocytes that developed under hypoxic conditions had greater vulnerability to ischemiareperfusion/reoxygenation injury.
Our previous study identified OPCs as the most resistant stage within the oligodendrocyte lineage to ischemia-reperfusion/reoxygenation injury (16) . Consistent with the result in mature oligodendrocytes, in prenormoxia group, there was no significant difference in caspase3 + OPC number after OGD insults as compared with control (F = 2.6; P = 0.07). However, the number of caspase3 + OPCs after 25 °C-and 35 °C-OGD insults following prehypoxia was significantly increased compared with the number in control (Figure 4e-h,k) . The percent change of caspase3 + OPCs after 25 °C-and 35 °C-OGD in prehypoxia significantly increased compared with prenormoxia (Figure 4l) , demonstrating that prehypoxia also results in an increase in the vulnerability of OPC to ischemia-reperfusion/ reoxygenation injury.
Susceptible Oligodendrocyte Progenitors and Mature Oligodendrocytes Exposed to Preoperative Hypoxia Are Protected by Deep Hypothermia
Our results demonstrate that prehypoxia results in increased susceptibility of both OPCs and mature oligodendrocytes. Caspase3 + OPC and mature oligodendrocyte cell numbers increased after 25 °C-and 35 °C-OGD insults (Figure 4j,l) . However, the numbers after 15 °C-OGD following prehypoxia did not increase compared with control (Figure 4i,k) . Between prenormoxia and prehypoxia, there were no significant differences in percent changes of CNP + CC1 + caspase3 + and CNP + PDGFRa + caspase3 + cell numbers after 15 °C-OGD (Figure 4j,l) . This indicates that although the susceptibility of mature oligodendrocytes and OPCs to damage increased due 
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There was a significant increase in WM caspase3 + cells after 15 °C-OGD following prehypoxia (Figure 2i) ; however, cas-pase3 + OPC and immature/mature oligodendrocyte cell numbers did not increase after 15 °C-OGD (Figures 3l and 4i,k) .
To identify the contributions of oligodendrocyte lineages to WM injury after deep hypothermic OGD, total CNP + caspase3 + cell numbers after OGD following prehypoxia were assessed. Interestingly, in contrast with significant increase of CNP + caspase3 + cell number after 25 °C-and 35 °C-OGD, there was no significant difference in the number between control and 15 °C-OGD (Figure 5a-e) . The results suggest that the damaged cell populations are different between 15 °C-OGD and 25/35 °C-OGD. Since 15 °C-OGD likely replicates cerebral conditions under DHCA, it is possible that other cell populations contribute to WM injury after DHCA in the brain that has developed under hypoxic conditions.
DISCUSSION
This study is the first to develop a combined experimental paradigm using rodent hypoxia and brain slice model, identifying WM injury after hypothermic ischemia-reperfusion/ reoxygenation in the brain following preoperative hypoxia.
This finding is very similar to that observed in neonates with severe/complex CHD, which suggests that the model enables us to replicate the conditions in CHD patients. Our analysis has identified a uniquely susceptible cellular target of OGDinduced WM injury within the oligodendrocyte lineage. Our studies have also defined the cellular effects of preoperative hypoxia on each oligodendrocyte developmental stage. Finally, we have demonstrated that deep hypothermia is able to protect susceptible oligodendrocyte stages against ischemia-reperfusion/reoxygenation injury.
Due to improved mortality after cardiac surgery for neonates/infants with severe/complex CHD, a current challenge is to reduce long-term sequelae, particularly neurodevelopmental delays (1, 3) . Recent clinical studies suggest that abnormal cerebral blood flow and oxygen saturation in the CHD fetus cause immature brain development and preoperative WM injury (5, 10, 11) . Preoperative WM injury also increases the susceptibility and is associated with newly developed WM injury after cardiac surgery (7, 8) . A significant correlation between neurodevelopmental deficits in CHD patients and WM injury determined by conventional imaging techniques has not been identified (21, 22) . A recent study demonstrated altered WM microstructure using diffusion tensor imaging in regions without obvious WM abnormality on routine anatomic brain magnetic resonance imaging in adolescents with Articles Agematsu et al. CHD (23) . Although further research is required to examine how these alterations in WM microstructure correlate with measured cognitive and behavioral function in children with CHD, deficits of these brain functions have been well documented in this cohort (2) . It has been known in premature infants that alterations of the WM microstructure persist into later life (24) . Thus, to reduce long-term neurodevelopmental delays, it will require an improved understanding of the effects of the pathological state caused by CHD on WM development.
The development of innovative image-processing technology is now enabling us to capture and quantify the growth as well as organizational and remodeling processes that occur during brain development in the CHD fetus and neonate (25) . These advances in imaging techniques will improve our knowledge of the correlation between alterations of WM development and neurodevelopmental deficits observed in CHD patients.
The cellular/molecular mechanisms producing brain immaturity and preoperative WM injury in CHD neonates remain 
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Articles largely unexplored. A rodent model of diffuse WM-injury exposing neonatal mice to chronic hypoxia recently demonstrated cellular/molecular alterations in oligodendrocyte development resulting in WM hypomyelination, which include oligodendrocyte death, delayed oligodendrocyte differentiation, and abnormal myelination (19) . This experimental paradigm is well established to mimic brain injury in premature infants (18, 19, 26) . Importantly, clinical findings of imaging in premature infants such as lower ratios of N-acetylaspartate to choline, higher average diffusivity, and lower WM fractional anisotropy are similar to findings in CHD newborns (5, 27) , suggesting that cellular/molecular alterations observed in infants with severe/complex CHD are similar to those of premature infants.
Using the rodent hypoxia model, promising target molecules have been identified for promoting oligodendrogenesis in WM injury and for restoring normal uptake of glutamate after injury (19, 26) . Therefore, further cellular/molecular investigations using a rodent hypoxia model may assist in developing novel therapeutic approaches for improving brain immaturity and reducing preoperative WM injury in CHD neonates. For further refinement of the management in pediatric cardiac surgery, it is necessary to investigate cellular effects of CPB/DHCA-induced insults on the brain with preoperative WM injury and WM immaturity. In this study, we used a combined experimental approach with rodent hypoxia and a brain slice model. Our results demonstrate that CNP + CC1 − oligodendrocytes exhibit significant vulnerability to OGD-induced ischemia-reperfusion/reoxygenation after both prenormoxia and prehypoxia, suggesting that the preoligodendrocyte should be a target cell type for WM protection. The susceptibility of preoligodendrocytes to oxidative stress, hypoxia, and CPB-induced insults has been well recognized in other animal models such as rodents, fetal sheep, or piglets (16, 28) . The expression level of glutamate receptors on preoligodendrocytes is a possible cause of this susceptibility (29); however, the mechanism is not fully understood. An understanding of the cellular/molecular mechanisms of preoligodendrocyte susceptibility to damage will lead to improved brain protections during CPB/DHCA. Rodent brain slice models have been used widely for the development of pharmacological therapies for neurological disorders (30) . This model will be useful for the study of adjunctive pharmacological approaches to protect preoligodendrocytes during cardiac surgery.
Although preoligodendrocytes are the most vulnerable stage to damage, there was no change in the susceptibility to OGD-induced insults after prolonged hypoxia. In contrast, we observed that OPCs and mature oligodendrocytes developed under hypoxic condition increased vulnerability to ischemiareperfusion/reoxygenation injury. It has been demonstrated that arrested oligodendrocyte maturation due to hypoxia conferred enhanced susceptibility to recurrent hypoxia (31); however, there is little information regarding the increased vulnerability of OPCs and mature oligodendrocytes after hypoxia. Our results also suggested that damage of other cell population, but not oligodendrocytes, contributes to WM injury after deep hypothermic OGD following hypoxia. Compared with preclinical studies using other experimental models, this is an unexpected observation and may represent a unique feature of the brain injury seen in CHD individuals. Further research using this combined experimental paradigm will allow us to identify the specific features of CHD-induced alterations of WM development. The brain slice model certainly differs from the in vivo practice of CPB/DHCA and is not suitable for investigating the effects of hemodynamic changes in the cerebral circulation or blood-brain barrier disruption (14, 15) . Compared with brain conditions in neonates/infants during CPB/DHCA, this ex vivo system differs in extracellular volume or diffusion characteristics and constituents of extracellular brain volume. For investigation of these effects, an in vivo model using a large animal such as the piglet is beneficial for laboratory study (12) (13) (14) (15) (16) . Neurodevelopmental deficits observed in CHD children Figure 5 . Other cell populations contribute to WM injury after DHCA in the brain that has developed under hypoxic conditions. (a-d) CNP + caspase3 + oligodendrocytes in different OGD groups after prehypoxia. (e) CNP + caspase3 + cell number after OGD experiments following prehypoxia (n = 6-12, each). *P < 0.05, **P < 0.01 vs. control and 15 °C OGD by one-way ANOVA with Bonferroni comparisons. Bar = 50 μm. CNP, 2′,3′-cyclic nucleotide 3′ phosphodiesterase; DHCA, deep hypothermic circulatory arrest; ns, not significant; OGD, oxygen-glucose deprivation; WM, white matter. are complex, multietiological, and cumulative (3, 6) . In contrast to an in vivo model, the brain slice model allows us to study each factor individually and helps in our understanding of complex and multifactorial events on the developing brain, such as our investigation of effects of preoperative conditions on ischemia-reperfusion/reoxygenation under hypothermia in this study. Future study using both rodent brain slice model and an in vivo large animal model will help our further understanding of cellular/molecular mechanisms underlying neurological deficits related to CHD and subsequent cardiac surgery.
OPCs retain mitotic and differentiation potential throughout their life span (32) . Recently endogenous WM repair mechanisms, including promotion of remyelination by enhanced signaling systems and functional recovery of WM axons by OPCs migrating from the subventricular zone, have been described in rodent models (32) (33) (34) . Our previous study has suggested that earlier cardiac repair potentially provides successful WM development because OPC number decreases with age (16) . Although OPC vulnerability to damage increased after prehypoxia, hypothermia at 15 °C protected OPCs from OGDinduced insults in this study. Abnormal cerebral circulation due to CHD results in significant WM abnormalities by the time of birth (5, 7, 8, 10, 11) . Therefore, our results suggest that promoting WM regeneration after normalization of cerebral circulation by earlier cardiac surgery using deep hypothermia is the most promising cellular based approach for successful WM development in CHD patients. Our previous results from in vivo animal models demonstrated that temperature of the perfusion interacts with pH and duration to determine the safe management of hypothermic circulatory arrest and selective cerebral perfusion (12, 13) . Further research will be required as to how these interactions correlate with cellular damage of oligodendrocyte lineages, in particular OPCs and preoligodedrocytes, for further refinement of the management of pediatric cardiac surgery.
In conclusion, developmental alterations due to hypoxia result in an increased WM susceptibility to injury. Further understanding of the effects of hypoxia will help to develop adjunctive protection during cardiac surgery in the brain with WM immaturity and preoperative injury. Endogenous WM repair mediated by OPCs is a potential approach for successful WM development in CHD patients.
METHODS
Animal
We used a CNP-human enhanced green fluorescent protein mouse to identify oligodendrocytes (Figure 1c) . In CNP-enhanced green fluorescent protein mice, various stages of the oligodendrocyte lineage have been visualized based on enhanced green fluorescent protein expression (35) . The effects of WM oligodendrocyte injury were investigated in P11, which have WM maturation equivalent to the human full-term newborn (Figure 1a) (20) . We performed all experiments in compliance with the National Institute of Health Guide for the Care and Use of Laboratory animals. The study was approved by the Animal Care and Use Committee of the Children's National Medical Center.
Hypoxic Experiment to Replicate In Utero Hypoxia
The hypoxic rearing began on P3 and continued until P11 in a hypoxic chamber system to reproduce the preoperative-hypoxic state of the CHD fetus (prehypoxia; Figure 1a) . During the experiment, the oxygen concentration was maintained, monitored, and recorded continuously with sensors placed inside the chamber to achieve a level of 10.5 ± 0.5% (19, 26) . Strain-matched and age-matched mice reared in normal oxygen levels were used to simulate preoperative normoxic condition (prenormoxia).
Brain Slice Preparation
The brains were collected at P11 and coronal sections, 400 μm, were cut using a vibratome. Perfusate temperature was then gradually increased up to 36 °C as is the practice for electrophysiological studies using murine brain slices (36) . The slices were transferred to a customized tissue chamber (CellMicro, Norfolk, VA) and were continuously perfused (2 ml/min) with aCSF saturated with 95% O 2 /5% CO 2 (Po 2 : 648 ± 14 mm Hg; Pco 2 : 46.2 ± 0.9 mm Hg; O 2 content: 1.94 ± 0.04 ml/ dl). A heating and cooling device (CellMicro) controlled the temperature of the perfusing aCSF. The details of the preparation and methods have been described previously (17) .
Oxygen-Glucose Deprivation
To replicate DHCA, slices were exposed to OGD as is widely applied for the study of brain ischemia (though in standard brain slice and cell culture models at normothermia) (37) . OGD was achieved by changing the perfusion solution from aCSF saturated with 95% O 2 /5% CO 2 to glucose-free aCSF saturated with 95% N 2 /5% CO 2 (Po 2 : 54.8 ± 2.8 mm Hg; Pco 2 : 48.3 ± 1.2 mm Hg; O 2 content: 0.16 ± 0.01 ml/ dl). The slice was reperfused with glucose-containing aCSF saturated with 95% O 2 /5% CO 2 after the period of OGD, providing ischemiareperfusion/reoxygenation to the brain slices. The OGD was performed under three hypothermic conditions (Figure 1b) (17) .
Perfusion Protocol
Each experiment was assigned to one of three different temperature groups for OGD (15 °C-, 25 °C-, and 35 °C-OGD). After the initial recovery period following the slice procedure, brain slices were cooled to a temperature for 30 min according to the protocol (Figure 1b) . The OGD was then performed for 60 min. After the OGD, slices were reperfused with glucose-containing aCSF saturated with 95% O 2 /5% CO 2 for 5 min, followed by a 30-min rewarming period (Figure 1b) . This replicates DHCA-induced hypothermic ischemia-reperfusion/ reoxygenation. Damage to WM oligodendrocytes in brain slices was assessed at 20 h after rewarming (Figure 1c) . Control slices which were perfused at 36 °C with aCSF saturated with 95% O 2 /5% CO 2 for the same duration (no OGD) were used for comparison with the OGD groups. A similar perfusion protocol has been utilized in an in vivo CPB model including 60 min of circulatory arrest (12) (13) (14) (15) (16) . The results of the previous study demonstrating temperature-dependent injury after 60 min OGD were similar to observations in a porcine DHCA model (12) , suggesting that this model is suitable for investigation of brain injury resulting from hypothermic circulatory arrest.
Immunohistochemistry
Twenty-micrometer sections were obtained from each 400-μm brain slice. OPCs and mature oligodendrocytes were identified by each marker of the lineage (Figure 1c) : antibody to PDGFRa and CC1, respectively. An antibody to cleaved caspase3 was utilized to identify apoptosis in the WM (16, 17) . WM injury in oligodendrocyte lineage cells was assessed by counting CNP + caspase-3 + , CNP + PDGFRa + caspase-3 + , and CNP + CC1 + caspase-3 + cell numbers (Figure 3a,b) . To determine cell density, the antibody-positive cells were quantified in three microscopic fields from the corpus callosum of each brain slice as previously described (16, 17, 33) .
Statistical Analysis
One-way ANOVA with Bonferroni post hoc comparisons was used to detect differences in the caspase3 + cell number in the experimental groups. Two-way ANOVA with Bonferroni comparisons was used to evaluate changes in the caspase3 + cell number among OGD groups and between prenormoxia and prehypoxia. Two-group comparisons were performed by unpaired Student's t-tests. All data are expressed as mean ± SEM. Reported P values are two tailed. Analysis of the data was performed using SPSS version 19.0 (SPSS/IBM, Chicago, IL).
